Introduction
Vitamin D is a fat-soluble steroid that has numerous biological actions which affect health. [1] [2] [3] [4] In infants and young children, severe vitamin D deficiency results in rickets. [5] [6] [7] [8] Breastfed infants are at increased risks for developing vitamin D deficiency and rickets due to minimal vitamin D in breast milk. 9 While previous research supports the association between exclusive breastfeeding and vitamin D deficiency, 10, 11 little is known about the effect of total duration of breastfeeding, which includes both the periods of exclusive breastfeeding and after the introduction of complementary foods, on vitamin D status.
Guidelines for vitamin D supplementation during breastfeeding vary in different parts of the world. The American Academy of Pediatrics (AAP) recommends that, "Any breastfeeding infant, regardless of whether he or she is being supplemented with formula, should be supplemented with 400 IU of vitamin D". 12 The Committee on Nutrition of the French Society of Paediatrics (SFP) also suggests continuous vitamin D supplementation beyond the first year of life, 13 irrespective of breastfeeding status, while the Canadian Paediatric Society (CPS) recommends 400 IU/day of vitamin D supplementation for breastfed infants up to one year of age.
14 Given the important role that both breastfeeding and vitamin D play on influencing the long-term health of infants and young children, such guideline variation suggests a need to better understand the relationship between total duration of breastfeeding and vitamin D status in the first years of life.
The primary objective of this study was to determine whether total duration of breastfeeding is associated with infant serum 25-hydroxyvitamin D (25-OHD) level in a cohort of healthy urban North American children. Our secondary objective was to explore the effect of vitamin D supplementation on the relationship between total duration of breastfeeding and vitamin D status.
Methods

Study Design
This was a cross-sectional study involving healthy urban children age 0-5 years receiving primary health care at a TARGet Kids! participating family medicine or pediatrician's office between September 2011 and August 2013.
Definitions
Infant feeding practices have been classified through a variety of terms. For the purposes of this study, "exclusive breastfeeding" refers to feeding with only breast milk without any additional foods or liquids 15 and "nonexclusive breastfeeding" refers to feeding with breast milk in addition to other fluids or complementary foods. The term "total duration of breastfeeding" refers to the duration of breastfeeding of any kind (including exclusive or nonexclusive).
Study population
Children were recruited by trained research personnel embedded in 7 TARGet Kids! participating pediatric and family medicine practices. TARGet Kids! is a collaboration between University of Toronto child health outcomes researchers and primary care physicians from the Department of Paediatrics and the Department of Family and Community Medicine to collect longitudinal data on common health problems affecting urban children. Sociodemographic, lifestyle and nutritional information were collected during a scheduled primary healthcare physician visit through a standardized parent-completed survey instrument based on the Canadian Community Health Survey. 16 For children who had had more than one clinic visit, the first visit with serum vitamin D testing was included in the analysis.
Children with health conditions affecting growth (e.g. cystic fibrosis), those with chronic condition(s) (except for asthma) and those with severe developmental delay were excluded from the study.
Outcome and predictor variables
The primary outcome variable was serum 25-hydroxyvitamin D level. This was measured from serum samples using a competitive 2-step chemiluminescence assay (DiaSorin LIAISON 25-hydroxyvitamin D TOTAL) 17 at in the Mount Sinai Services Laboratory in Toronto (mountsinaiservices.com). Extensive testing and validation of this machine has been performed and has demonstrated an intra-assay imprecision of 7.2% at a concentration of 85 ng/mL (to convert to nmol per liter, multiply by 2.496) and an interassay imprecision of 4.9% at 13 ng/mL, 8.9% at 31 ng/mL, and 17.4% at 85 ng/mL, values that are well within acceptable limits for biochemical measurements. 18, 19 The primary predictor variable was total duration of breastfeeding, which was determined from the response to the question, "For how long has your child been breastfed?" Maternal recall has been found to be a valid and reliable estimate of breastfeeding duration. 20 Children who had never breastfed were classified as having a total duration of breastfeeding of 0 months. Those currently breastfeeding were classified as having a total duration of breastfeeding equal to the child's current age.
Covariates were chosen for inclusion if they were associated with 25-hydroxyvitamin D in 1 or more published studies and included age, sex, body mass index (BMI) z-score, use of vitamin D supplementation, skin pigmentation, median after-tax household income, season of blood sampling (May-September vs. October-April), daily outdoor play time, and total daily cups of cow's milk and formula. Weight was measured using a precision digital scale (±0.025%; SECA) and standing height was measured using a stadiometer (SECA). BMI z scores were calculated using World Health Organization growth standards. 21 The use of vitamin D supplementation was determined from the response to the questions "Does your child take a vitamin D-containing supplement regularly?" In Canada, commercially available vitamin D supplements contain 400IU vitamin D. Skin pigmentation was measured by a trained research assistant using the Fitzpatrick scale, a widely-used 6-category skin pigmentation classification system. 22, 23 Six-digit postal codes were used to obtain the median after-tax neighborhood household income for each participant (using the Statistics Canada Postal Code Conversion File and data from the 2006 Census). Ecological measures of socioeconomic status have been used as proxies for individuallevel measures of socioeconomic status.
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Statistical Analysis
Descriptive statistics were generated for the main outcome and covariates. For our primary analysis, a multivariable linear regression model was developed to examine the relationship between total duration of breastfeeding and serum 25-OHD level. All predictor variables were included in the final model regardless of their associated P values in order to avoid potential bias of the R-squared and standard errors. 27 Missing data were handled by multiple imputation using additive regression, bootstrapping and predictive mean matching. 27 The maximum rate of missing data for any variable was 13%. Log transformation of serum 25-OHD level was performed to meet the normality assumption.
Our secondary analysis was aimed at determining the effect of vitamin D supplementation on the relationship between total duration of breastfeeding and serum 25-OHD level. To accomplish this, we repeated the primary analysis with the inclusion of an interaction term between total duration of breastfeeding and vitamin D supplement use. Further, we developed a multivariable logistic regression model to explore the association between increasing duration of breastfeeding and the Institute of Medicine suggested serum 25-OHD level of 20 ng/mL among supplemented and non-supplemented children. 28 All statistical tests were two-tailed and significance was considered at the 0.05 level. Statistical analyses were performed using SAS 9.3 (SAS Institute Inc, USA) for Windows (Microsoft Corporation, USA) and the R project for statistical computing.
Research ethics approval was granted through the Research Ethics Board of the Hospital for Sick Children and of St. Michael's Hospital. All parents of participating children consented to participation in the study.
Results
Population
Of the 4533 children aged 0-5 years old who participated in TARGet Kids! between September 2011 and August 2013, 2510 (55%) of them had serum 25-OHD level obtained. Two of the children had abnormally high serum 25-OHD levels >140 ng/mL and were excluded from the final analysis as outliers (Fig 1) . The median age of included children was 24.5 months (IQR 15.1-40.8 months) and 1330 (53%) children were male. The median serum 25-OHD level was 32 ng/mL (IQR 26-40 ng/ml) and 6% of children had 25-OHD < 20 ng/mL. The median total duration of breastfeeding was 10 months (IQR 6.13 months). 54% of children who were breastfed for any duration received vitamin D supplementation. Population characteristics are presented in Table 1 . Imputation for missing values did not change descriptive characteristics.
Breastfeeding and serum 25-hydroxyvitamin D
Univariate analysis revealed that total duration of breastfeeding was not significantly associated with serum 25-OHD. This association remained non-significant after adjusting for clinically relevant covariates (Table 2 ). However, the interaction between vitamin D supplementation and total duration of breastfeeding was statistically significant (p=0.0251), suggesting vitamin D supplementation as an effect modifier of the association between total duration of breastfeeding and serum 25-OHD (Table 2) . This is shown graphically in Figure 2 . Among children who did not receive vitamin D supplementation, every 1 month increase in total duration of breastfeeding was associated with a 0.11 ng/mL lower median serum 25-OHD level (95% CI: -0.2, -0.02 ng/mL, p=0.0236). Among children who did receive vitamin D supplementation, total duration of breastfeeding was not significantly associated with 25-OHD (p=0.43). Age, total daily milk consumption, skin type and season of blood sampling were statistically significant covariates ( Table 2) .
We also found a statistically significant association between total duration of breastfeeding and the odds of 25-OHD < 20 ng/mL among children who were not supplemented. For every 1 month increase in total duration of breastfeeding, the odds of 25-OHD < 20 ng/mL increased by 6% (adjusted OR=1.06, 95% CI: 1.03, 1.10) among those who did not receive supplementation.
The odds of 25-OHD < 20 ng/mL was not significantly associated with total duration of breastfeeding among children who did receive vitamin D supplementation (OR=0.97, 95% CI: 0.93, 1.01).
The cumulative adjusted predicted probability of vitamin D < 20 ng/mL is shown in Figure 3 for both supplemented and non-supplemented children. The predicted probability of vitamin D < 20 ng/mL among children who did not receive supplementation was 16% with a total breastfeeding duration of 24 months and 28% with a total breastfeeding duration of 36 months.
Discussion
In this study, we have identified an association that was modified by vitamin D supplementation between total duration of breastfeeding and 25-OHD. Among children who did not receive vitamin D supplementation each additional month of total breastfeeding duration was associated with a 0.1 ng/mL lower 25-OHD. Further, the odds of 25-OHD < 20 ng/mL was 6% higher for every 1 month increase in total duration of breastfeeding such that by 2 years of age, the predicted probability of 25-OHD < 20 ng/mL was 16% and 28% at 3 years of age, among children who did not receive vitamin D supplementation. Among children who did receive vitamin D supplementation, we did not identify a relationship between total duration of breastfeeding and serum 25-OHD level. This suggests that the decline in serum 25-OHD during breastfeeding of any duration may be mitigated by supplementation with vitamin D.
According to the World Health Organization (WHO), breastfeeding is recommended to continue to two years of age and beyond, as mutually desired by mother and child. 29 While breast milk contains many of the required nutrients for supporting growth, it is widely accepted that breast milk does not provide adequate amounts of vitamin D. [30] [31] [32] Exclusive breastfeeding in the first year without vitamin D supplementation is a known risk factor for severe vitamin D deficiency. 10 Less is known about the relationship between total duration of breast feeding particularly beyond the first year of age and vitamin D status.
Nutritional recommendations in childhood include the introduction of complementary foods beginning at 6 months of age, when the nutrients in breast milk alone are thought to be inadequate to support normal growth. 29 While vitamin D intakes may increase as complementary foods are introduced into the child's diet, it has been identified that the mean intake of vitamin D through complementary foods fails to meet vitamin D requirements for most children at 7-12 months of age. 33 While the AAP and the Committee on Nutrition of the SFP recommend vitamin D supplementation while breastfeeding within the first few days of life and continuing throughout childhood, 12, 13 the CPS recommends vitamin D supplementation while breastfeeding only up to 1 year of age. 14 The latter has been attributed to a lack of evidence for 400 IU/day of vitamin D in optimizing vitamin status in children. 34 Our findings suggest that among children who did not receive vitamin D supplementation, longer total duration of breastfeeding was associated with lower 25-OHD and higher odds of 25-OHD < 20 ng/mL, the Institute of Medicine recommended level. 28 These observations support the AAP and SFP recommendations for continued vitamin D supplementation beyond the first year of life while breastfeeding.
Low uptake of vitamin D supplementation during breastfeeding has been previously attributed to lack of primary healthcare endorcement. 35 Given that vitamin D supplementation rates have been shown to decline with age, 36 primary healthcare endorsement of vitamin D supplementation may be particularly important among children with longer durations of breastfeeding.
To our knowledge, this is the first study to assess the effect of total duration of breastfeeding, not just the period of exclusive breastfeeding, on serum 25-OHD level. Strengths of our study include a relatively large sample size with comprehensive clinical data, which allowed for the adjustment of multiple social, demographic, biological and nutritional variables. Furthermore, our study was not limited to exclusive breastfeeding, but considered a broader and more inclusive definition of breastfeeding, which included the period after the introduction of complementary foods. This is important both clinically and for current health policy objectives supporting breastfeeding through the first 2 years of life and beyond. 29 The relatively high prevalence of vitamin D supplementation in our study population is consistent with other jurisdictions. 37 Additionally, our primary care venue allowed for the measurement of serum 25-OHD among children who routinely receive primary health care, which is a venue well suited for the promotion vitamin D supplementation during breastfeeding of any duration.
Limitations of our study include parent completed questionnaire data which may be subject to recall bias. We also did not account for unmeasured confounders, such as maternal vitamin D supplementation and dietary sources of vitamin D other than cow's milk and vitamin D supplementation, which may have introduced confounding. Further, while participation without blood testing was similar to other national surveys on breastfeeding, 38,39 the lower participation with blood testing reflects the reality of conducting research requiring invasive procedures in young children.
Conclusion
In this study, we have identified an association between longer total duration of breastfeeding and lower serum 25-OHD that is modified by vitamin D supplementation. Serum 25-OHD appears to be maintained with vitamin D supplementation even with longer total duration of breastfeeding. Our findings support the AAP and SFP recommendations for vitamin D supplementation during breastfeeding of any duration. We suggest that primary health care is an ideal environment to support continued vitamin D supplementation in infants and children. 
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